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EFFECT OF FUEL NITROGEN AND HVOROGEN CONTENT ON EMISSIONS 

IN HYDROCARBON COMBUSTION 

by David A. Bittker and Gany Wolfbrandt 

National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135 


INTRODUCTION 

This paper presents the results of a study of 
tlm effects of operating conditions and fuel proper- 
ties on emissions during the two-stage combustion of 
tiydrocarbon fuels. This work is part of a theoreti- 
cal and experimental basic research effort in sup- 
port of a major Department of Energy program to 
adapt ground-power gas turbines to use coal derived 
liquid fuels (l).t The importance of this 
syncrude-burning capability to the development of 
the gas turbine for ground power is discussed at 
length in reference (1). One of the important ques- 
tions is how the emissions of nitrogen oxides 
(NO^) and carbon monoxide (CO) will be affected by 
(1) the Increased content of low percentage hydrogen 
aromatic hydrocarbons and (2) tne increased content 
of organic nitrogen compounds in these coal-derived 
fuels. 

The present work is part of the Critical 
Research and Technology (CRT) project funded by the 
Department of Energy at the Lewis Research Center 
(OOE/NASA Interagency Agreement no. 
OEAI-01-7?ET10350). Its main purpose is to deter- 
mine, theoretically and experimentally, the effect 
of operating conditions on nitrogen oxides emissions 
during syncrude combustion. Under normal combustion 
conditions most of the chemically bound nitrogen in 
t\ydrocarbon fuels will be converted to nitrogen 
oxides (NOx) (2 and 3). Two-stage combustion has 


^Numbers in parentheses designate references at end 
of paper. 


been suggested by several investigators (4, 5 and b) 
as a technique for reducing NOx emissions. The 
control of NOx is achieved by rich primary burning 
followed by very lean secondary combustion. Lack of 
oxygen in the rich primary zone reduces the forma- 
tion of NOx while ti'e fuel-bound nitrogen (FBN) 
forms molecular nitrogen and other compounds. In 
the very lean secondary zone thermal NOx formation 
from Ng is limited by the reduced temperature, 
while the other nitrogen compounds present react 
less rapidly to form NOx original FBN. 

Therefore, a two-stage combustor model was used in a 
parametric study to extend current knowledge by 
determining the relationship between operating con- 
ditions, fuel properties and exhaust emissions. 
Althougli NOx emissions are the main focus of this 
work, effects of variables on CO emissions were also 
Investigated. 

The preliminary analytical part of this study 
was reported in reference (7) and the experimental 
part of the work was reported in reference (8). The 
present paper reports additional theoretical compu- 
tations and gives comparisons of theoretical and 
experimental results for a variety of conditions. 

The operating conditions used in this work include a 
primary equivalence ratio, (6n, range of 0.6 to 1.8 
and one secondary equivalence ratio, (ij* °f 
The primary zone residence time ranged from 12 to 
20 msec and secondary residence times from 1 to 
3 msec. Fuel-bound nitrogen contents of 0.5 and 
1.0 percent were used and fuel hydrogen varied from 
9 to 18 weight percent. Initial temperature and 
pressure were not primary variables in this work. 
Pressure was generally maintained at S atm. How- 
ever, a limited number of computations was performed 
at a pressure of 12 atm. Initial temperatures 
ranged from 600 to 650 K, depending upon composition. 

ANALYTICAL COMBUSTOR MODEL AND EXPERIMENTAL DETAILS 

Two-stage combustion was studied experimentally 
in a flame tube with Secondary air injection. A 
diagram of the apparatus is given in figure 1. Fuel 


inixtui'os of pfopaoi, toluene ana pyniaine ware 
blended to yive a ranp of carbon-nydnogcn ratios 
and fuel nltrotjen contents matcldng syncrude fuel 
properties, gxiiaust gases were sampled for amis- 
sions of nitrogen oxides, carbon monoxide, carbon 
dioxide and unburned bydrocarbons. From tnese data 
combustion efficiencies ana peioent conversion of 
FBN to NOx were computed. Complete details of Ibe 
experimental apparatus and procedure are given in 
reference (8). 

The two-stage fiamo tube was modeled theoreti- 
cally by a two-stage, adiabatic well-stirred loac- 
tor, A description of the mathematical technique is 
given in refei'ence I?). This lughly bacMixeu, 
idealixed system was assumed to approximate the tur- 
bulent mixing in the flame tube. The fuels used 
were propane, toluleno and one mixture of these two 
fuels, Tno exhaust gases from the primary-stage 
reactor were assumed to be instantaneously diluted 
with the required amount of air and then enter the 
second-stage reactor. This assumption is one of the 
major dlfleitsncBS between the theoi'etical model and 
the experimental flame tiibe, In the latter there 
are mixing inbomogoneittes caused by the diUitlon 
and mixing sone between the end of tne primary com* 
bustion xone the start of secondary comhustion. 

A second difference between the ideal ueu model and 
the experimental flame tube is the heat transfer 
losses for the experiment, which are not considered 
In the analytical model, 

A third difference between the theoretical 
model ana tlie experiment is the method of adding 
chemically bound nitrogen to the fuel, In the 
experliiiBnl ttie ornamc compoutm pyridine was olendod 
with the liydrocarbon fuels. For the computations, 

FRN was added in the fon« ot free nitrogen vitoms, 
the rationale for using this simple "model coropouna" 
to I'opi'osent oi'ganic fuel bound nitrogen is de- 
scribed 1n reference |/), Another uifferenee be- 
tween tlui experiment and the eoraputatlonal mouel is 
the fact that the cneralcal model does not taXe into 
account smoke (oiiiiation. in tlie experimental study 
(8) a few smoke measurements were made. The results 
showed relatively high smoking tendencies even at 
the relativoiy lew pressures used, and with hign 
dilution in the secondary xcme, Reference (7) 
showed tnat, in spite of Viiese differences between 
experiment and analytical model, certain experiment- 
al trends for propane-air mixtures could bo tneoret- 
icftlly predicted. In reference f7), compajisons 
wore done only for some preliminary experimental 
data. In this report a more extensive comparison is 
given between computed results and oxperlmenui data. 

eHEMICAt MOOEt 

The chemistry of nitrogen oxide fonwatloii dur- 
ing itydroearhon combustion na& been studied exten- 
sively |y and 10). For the computations of refer- 
ence (7), a i tfty-seven reaetton moehanism was used 
for the propane-a1r combustion system, The impor- 
tant nitric oxide fomlng reactions are, first of 
all, the extended leldovlch mechanism! 

N + Og I NO + 0 

0 + Ng I NO + N 

N + 011 I NO + II 

For rich mixtures, the direct reaction of hydro- 
carbon fragments with WQlecuTar nitrogens 


eil + Ng t HW + N 

has been found to be important (10 and U). This 
reaction is foi‘'owed by radical attack on IICN and 
furtber reactions involving the oxidation of CN, NCO 
and NH species to no. For the computations to be 
reported in this paper several reactions have been 
added to the mechanism. First of all, two reactions 
Involving i\ydrecarbon fragments and NO have been 
addedt 

GH ^ NO ♦ HCN + 0 
CH + NO I HCO + N 


These reactions are important for rich primary mix- 
tures, In addition the following three radical 
attacks on 1% radical have been added! 

0 + HOg I Oti + 02 

H + HQj I OH r QH 


OH + HOg I HgO + Og 

These reactions are important mainly for lean and 
stoichiometiie primary mixtures, The nttronen 
oxiaes are mostly nitne oxide, NO, especially for 
rich primary mixtures. For lean and stoichiometric 
mixtures some NO is converted to nitrogen dioxide, 
N0|, by the reactions 

HOg + NO ’> OH + NOg 
0 + NOg % NO + 02 

Total NOx was always taken as the sum of the NO 
and NOg concentrations. The complete mechanism 
used for propane-air coinbuStioii and NO^ formation 
is given In table T. When tolulene is Included in 
the fuel, additional reactions are needed in the 
oxidation mechanism. The recent work of McLain, 
dachimowiki and Wilson (12) has provided the first 
detailed oxidation mociianisni for toluene, Tne addi- 
tional reactions used in tho present computation, 
when toluone is in the fuel mixture, are given in 
table 11 . 


RESULTS AND OISCUSSION 

Effect of Fuel-Bound Nitrogen on NO., Pormation 

The results ot tins study are presenteuTor 
three different fuels. A, B and C. Fuel A contains 
nominally 18 pei'cent hydrogen by weight, fuel B is 
11 percent and fuel € contains u percent hydrogen, 
Fuel A is pure propane both for the computations and 
the oxportmental work. Fuel B is, for the computa- 
tions, a mixture of 2b. 74 percent propane and 7d.2b 
percent toluene by weight. Nitrogen atoms are added 
to give the appropriate amount of fuel bounu nitro- 
gen. E.xperimentally, fuel B is either the stated 
mixture of propane and toluene (for zero percent 
FBN) or the appropriate mixture of propane, toluene 
and pyridine when FBN is present. Fuel C is, com- 
putationally, pure toluene with nitrogen atoms aadoa 
for FBN. Experimentally, fuel C is a mixture of 
either toluene and propane or toluene, pyridine and 
propane. 

Figure t( a) shows computed final (second-stage) 
NOx concentration as a function of primary equiva- 
lence ratio, dp, for fuel A with 0, 0,5 and l.tj 
percent fuel-bound nitregen (FBN) contents. Tnese 


a 


rtisults a>'a sllgntly different from those presented 
In i-eforunce (7) because of the expanded citemical 
model used here. However, ine same trends are 
shown. Minimum NOx formation occurs for a 
value of about 1.5. ftlthough NOx emission In- 
creases with FBN content, the conversion of FBN to 
NOx decreases as the amount of FBN increases. 

This is shown by tlie curves' getting closer together 
as FBN content Increases. Computed NO. emissions 
for fuel B are shown in figure l{h). Tlie general 
trends with Up and FBN content are similar to 
those for fuel Ai Altliough results could not be 
obtained for rich ipp values above l.b, the 
Pp values for minimum NOx fonnatton are de- 
finitely greater than 1.5 for all three nitrogen 
contehts. For fuel C, the lowest hydrogen content 
fuel, computed NOx concentration vs Pp results 
were obtained up to Pp »• 1.6. The plots in fig- 
ure 2(c) show trends with Pp and FBN content 
Similar to the other fuels. However, It appears 
that the Pp value for minimum NOx emission Is 
now greater than l.b. Thus the computed results 
indicate an increase in the Pp for minimum NOv 
with decreasing liydrogen content of tne fuel, This 
trend agrees with the experimental results previous- 
ly published (8). A full comparison of computed and 
experimental NOx emission concentrations will bo 
given in the next section, 

A detailed study of tne computed results Indi- 
cates a possible explanation for tne shift of the 
Pp value for minimum NOx as the amount of aro- 
matic l\ydrocarbon 1n the fuel increases. The 
pyrolysis reactions Of toluene (see table II) form 
significant amounts Of liydrocarbon fragments that 
are not present during tne pyrolysis ana oxidation 
of propane. The reactions of these fragments form 
Cll radicals which destroy NO directly via reactions 
'oB and 59 of table 1, We nave dotonnlned that the 
importance of these reactions increases significant- 
ly .IS the percentage of toluene in the fuel In- 
creases, This additional path for NO reaction in- 
creases the ratio between its destruction and Its 
formation by reactions such as the oxidation of 
nitrogen atoms and HCN species by liydroxyl radical, 
OH, Therefore, as more toluene is added to the 
fuel, the minimum NOx concentration occurs at in- 
creasingly higher Pp values. 

we have Stiown directly the affect of Pp on 
percent FBN coiivorslon to NOx figure 3, which 
gives this percent conversion plotted against Pp 
for all three fuels, Computed results for fuel A 
are shown ln Figure 3(a), FBN conversion is lower 
for the 1.0 percent fuel nitrogen content than for 
the Q.b percent content. Moreover, the Gonversion 
1s smallest in the rich p,, region of l.d to 1.5 
where NO^ emissions are at their minimum. No 
flame tube experiments w1tii added fuel nitrogen were 
performed for fuel A, so only computed results are 
shown. In figure 3(b) it Is seen that, for fuel B, 
the computed difference In fuel nitrogen conversion 
between 0.5 and 1.0 percent FBN contents is quite 
small, even thougii the 1.0 percent FBN values are 
still lower. Experimental flame tube data are also 
plotted. The two points that can be compared with 
the computed lines are in excellent agreement with 
them, All the experimental data are consistent with 
the computed trend of slightly lower FBN conversion 
for the higher FBN content fuel. A much better con>- 
parlson of experimental and computed conversions is 
shown 1n figure 3(c) for fuel C, The computed re- 
sults for L values « l.l Indicate the conver- 
sion to NOx ^5 significantly lower f off 1.0 pei'Cent 
FBN content then for 0.5 percent FBN. However for 


Pp values greater than 1,1, the percents conver- 
sion are very close for the two FBN contents, Tlie 
experimental data points shown are In good qualita- 
tive agreement with tiiase computed trends and also 
ip good quantitative agreement with the computed 
i-esults for rich primary equivalence fatlos. ll is 
significant to note that FBN conversion rales of 
less than 10 peixent can be achieved with rich-lean, 
two-stage combustion. 


Effect of Hydrogen Content on NOy Formation 
Hie computed of I'oct of Iwdrogen content on 
NOx emissions is shown In figure 4. The final 
NOx concentration, plotted against primary equiva- 
lence ratio for the three fuels useu, is sliown in 
figure 4(a) for no fuel bound nitrogen content. 

For p,, values up to about 1.5, NQx concentr.)- 
lion increases as the fuel hydrogen content de- 
creases. However, at p • l.b, the computed NOx 
concentration is the same for the 9 percent and the 
18 percent hydrogen fuels, Similar situations can 
be seen in figures 4(b) and (c) winch show the same 
type of plot for the three fuels with o.s and i.Q 
poixent FBN content. In these plots two trends are 
noticeable. First, the effect of decreasing the 
liydrogen content beeoiuos smaller as the liydrogen 
percentage decreases. Second, the presence of fuel 
nitrogen appears to lessen the NOx Increase caused 
by lowering the fuel liydtxgen content. Therefore, 
the computations predict that hydrogen content has a 
small effect on NOx emission at rich equivalence 
ratios In this two-stage combustion. The experi- 
mental results agree with tuts predicted trend, as 
can be seen by examining the experimental data also 
plotted in figures 4(a) to (c) , For Hell primary 
mixtuixs these data incltcate essentially the same 
NOx emissions for fuels B and C, whose hydrogen 
contents are 11 and 9 poixent, Quantitatively, the 
theoretical model predicts too little NOx for rich 
primary mixtures and over predicts NOx for lean 
primary ralxtuixs. The lean side effect is mainly 
duo to lack Of heat-loss corrections In the model, 
Tilts ixsults 1n higher computed reaction tempera- 
tures and thus too much thermal NOx formation. 

For the rich primary mixtures deficiencies 1n the 
gas-phase chemical mechanism for the conversion of 
fuel nitrogen to NOx may explain a good part of 
the discrepancies. In figure 4(c) we have also 
shown experimental data (tne fnied-lii diamond sym- 
bols) for NOx emissions using an actual coal syn- 
crude fuel. The fuel was made by the SRC-11 process 
and 1s a 2.9:1 blend of middle and heavy dis- 
tillates. The liydrogen content Is 8,64 weight per- 
cent and the bound nitrogen content is 0.95 per- 
cent. Detailed properties of this fuel are given 1n 
table I of reference (8). It can be seeivthat tnere 
Is good agreement between measured NOx for the 
actual syncrude fuel and For the toluene-propane- 
pyrldlne simulated syncrude fuel. 


Effect of Fuel Nitrogen and Hydroueii Content 
W CO'Emi'sH^^ ^ 

I he el Feet of both hydrogen and nitrogen con- 
tent of the fuel on CO emission 1s shown In figure 
5. Pinal CO concentration Is plotted against Pn 
for the three different fuels. In figure S(a) the 
fuels contain no nitrogen. In figures 5(b) and (c) 
the fuels contain O.S and 1.0 percent FBN. For all 
nitrogen contents we see that the computed CO con- 
ceiitration increases significantly as liydrogen con- 
tent of the fuel decreases. By comparing curves for 
the same fuel in figures S(a) to (c) It can readily 
be seen that computed CO concentration is Independ- 
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eiit. of fuel-bound nitrogen content. Tiieoroticeny, 
it would be exgecled tiiat CO fomation would in- 
crease witn decreasing l^drogen to carbon ratio of a 
iiydrocarbon fuel froM equilibriuiti tbennodynomie con- 
siderations, without any cnemical fcinetics. There- 
fore, the observed increase in CO emissions witn 
decreasing liydrogen content of our three fuels is 
not surprising, Exporimontat vertfication of this 
trend for two-stage combust ion can be seen in figure 
5(a). The data points plotted Show considerable 
scatter. However, tnoy follow ttm trend of tiio com- 
puted curves with pp. For this condition of no 
added fuel bound nitrogen, the data indicate a gen- 
erally increasing CO level as liydrogcn content de- 
creases. The experimental data in figures b‘(b) and 
(c) are insufficient to detemine any CO trend with 
itydrogen content. However, they follow the computed 
trend with 0- and also verify the lack of de- 
pcndehco of CO concentration on fuel bound nitrogen 
content found tiieorotically. 

Effect of^Residance Jimes on hOy and CO^Emissions 

fuel A showed that NOx and CO emissions are in- 
dependent of primary-stage residence time. Tim 
experimental results (8) showed an Increase of HOx 
concentration with increasing pnmary-aone residence 
time for fuel C. Those experimental results are 
shown in figure b along with tncoretieal computa- 
tions for fuel C. The data shown are for a primary 
equivalence ratio of Lb. The computations show the 
same NOx independence of primary-zone volume 
(i.e., residence time) as found for fuci A. The 
experimental results show an increase of about 
16 percent in NOx fonnation when the primary-zone 
residence tiam increases by about IS percent. Tim 
failure of tho model to predict this trend is no 
doubt duo to its lack of heat-loss corrections and 
inability to simulate the finite experimental mixing 
of air with the primary combustion gases. 

The theoretical computations (?) for fuel A 
Indicated some increase of NOx formation with in- 
creasing secondary residence time. This was true 
only for rich primary mixtures, diluted to a second- 
ary equivalence ratio of 0»?» When these rich mix- 
tures were diluted to Pg « 0,6, the NOx forma- 
tion was found to bo constant as secondary residence 
time increased. In figures 1(a) and (b) we have 
plotted NOx concentration vs, secondary residence 
time for fuels 6 and C to see the effect of fuel 
iiydrogen content. Only Pj „ 0.6 was used for the 
computations. It Is apparent that NOx concentra- 
tion 1s generally independent of secondary resi- 
dence time for those lower hydrogen-content fuels. 
Very sltgivt increases can be seen for the richest 
Pn values of La and 1.6. Experimental results 
for fuel a are shown in figure 8, where NOx *^bn- 
centratlon is plotted against secondary equivalence 
ratio for several secondary residence times and 
Pn » 1.5. These dat.i shown a very slight effect 
or secondary residence times at pj « 0.5 and a 
significant IncimasG in NOx w^th secondary resi- 
dence time for Pj « 0.6 and 0.7, These experi- 
mental results are in agreement with the computed 
trends. We liave found that fuel hydrogen content 
has no effect on the NOx toend with secondary 
residence time. 

Figures 3(a) and (b) show plots of computed CO 
concentration against secondary residence time for 
fuels B and C. Fuel nitrogen content is 0.5 per- 
cent^ as in figure 7. The trends are the same as 
found for fuel A in reference (7) . The CO emission 
decreases significantly with increasing residence 


time. Thus, one can decrease ttm CO emission with- 
out increasing NOx by Increasing the secondary 
residence time, This is particularly important 
because of the increased level of CO emissloiis in 
these lower hydrogen content fuels, 

Effect of Presstire on NOv Fonaatton 
’ " " " At tfiougH p ressura was noC a pr ima ry variable in 
this study, a limited number of computations was por- 
fonned at a higher pressure of lE atm. Fuel D was 
used. Computations were perfomed for fuel nitrogen 
contents of 0 and O.S percent over a p„ range of 0.8 
to L6. Plots of final NQx and CO concentration vs, 

Prt for pressures of 6 and 12 atm are shown in figures 
lO and ,U for the two nitrogen contents. Results show 
that inci'easing tho pressure causes a small to moderate 
Increase in NOx concentration at most Pq values. 

For the rich values of most interest the increase 
is 30 percent for no FBN and only 3 percent for O.S per- 
cent FBN, All the NOx increase is doe to the thennal 
NOx* The computed percents conversion of fuel nitro- 
gen to NOx di'd slightly lower at IE atmospheres pres- 
sure than at S atm, Carbon monoxide formation decreases 
at the higher pressure, it was not possible to perfovm 
experiments at l\igh pressure to obtain data to compare 
with the computed results* 

SUMMARY OF RESUITS 

An experimental and theoretical study has been 
made of the effect of operating conditions and fuel 
properties on omissions during two-stage syncrude 
combustiOiii The isydregen content of the fuel was 
varied from 18 percent (pure propane) to 0 percent 
(pure tolulono). Nitrogen content of eaeli fuel was 
Changed from zero up to LO percent by weight. 
Primary-stage equivalence ratio was varied from 0.6 
to LB and second-stage dilution was always to an 
equivalence ratio of 0*6, Pressure was usually lield 
constant at Q.48 MPa (6 atm) and inlet mixture tem- 
peratures vartea from 600 to 650 K, depending upon 
its compos it ion* NUrogen oxides and carbon monox- 
ide emissions were computed using a two-stage, well- 
stirred reactor combustor model vind were measured 
experimentally using a two-stage, highly turbulent 
flame tube. Tho results of tins Study may be sum- 
marized as follov«{ 

L The simple stirred-reactor model was able to 
predict several of the important trends for the 
emissions frem two-stage itydrecarbon combustion. 

8. Two-stage, rich-lean combustion gives exper- 
imental conversion rates of fuel-bound nitrogen to 
NOx of 10 percent or less for rich equivalence 
retlos of 1,6 to 1.7 and fuel-bound nitrogen con- 
tents of 0.6 and 1.0 percent by weiglit. Those re- 
sults of the experimental flame-tube work are the 
same as those predicted by tlio two-stage well- 
stirred reactor computations, 

3* Both experiment and theory siiow that de- 
creasing fuel l\ydrogen content causes a small in- 
crease in NOx emission level. Tlie presence of 
fuel nitrageh may decrease the effect of l\ydrogen 
content on NOx* 

4* Although the absolute level of NOx emis- 
sion increases with fuel-bound nitregen content, the 
percent conversion of the fuel nitrogen decreases 
slightly as the amount of fuel nitrogen Increases. 

This is found both experimentally and theoretically, 

5. Both experimentally and theoretically, the 
rich primary equivalence ratio for minimum NO^ 
fonuation shifts te higher values as the amount of 
aromatic hydrocarbon (toluene) In the fuel Is In- 
creased, This can be explained by the reaction of 




the pi^rolysts products of toluene directly with NO 
to increase the NO destruction nate. 

6. Carbon monoxide emissions increase signifi- 
cantly with decreasing ^usl tiydrogen content, as 
Shown by both the experiments and the tlieoretical 
computations, Also CO emissions are highest at the 
rich primary equivalence ratios that give minimum 
NOx. 

7. Both experiments and theoretical computa- 
tions show that carbon monoxide emissions are in- 
dependent of fuel-bound nitrogen content. 

8. The formation of NOx increases slightly at 
most primary equivalence ratios when the pressure is 
increased from 5 to 12 atm. The increase is between 
3 and 30 percent at the rich equivalence ratios for 
minimum NOx formation. AIT the increase is due to 
thermal NOx. The percent conversion of fstel-bqund 
nitrogen at 12 atm is slightly less tNn s% 5 atm. 

a. Computed NOx emissions are essentially 
Indetident of secondary residence time for all fuels 
used, when the secondary equivalence ratio is 0.5. 

10. Computed CO emission decreases significantly 
as secondary residence time increases for all fuels 
used and all operating conditions. 

11. Computed NOx and CO emissions are in- 
dependent of primary-zone residence time. Experi- 
mental NOx emissions, however, increase moderately 
with primary residence time. 

CONCLUDING REMARKS 

Although the theoretical and experiniental com- 
bustors used in this Study are not actual gas tur- 
bine combustors, the results obtained have^Some 
application to more practical combustors. Experi- 
mentally, a coal syncrude distillate of the SRC-II 
process gave NOx emissions that matched very well 
those from the fuel blends used to simulate the 
actual fuels in both hydrogen and nitrogen content. 
Limited measurements of smoke from the rich-lean 
combustion of these simulated syncrude fuels indi- 
cated relatively high smoke emissions in spite of 
the very lean second-stage burning. This fact, 
along with the high observed carbon monoxide emis- 
sions, indicates that trade-offs will be necessary 
between the conditions that minimize NOx ^nd those 
that control CO end smoke emissions. 
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Reaction 


M + C3H8 t C2H5 + GH3 
CsHs t C9H4 * H 
0 + C2H4 t CH3 HCO 
0 + CzH4 I CH 2O \CH2 


»r + Cgh'4 I Hg C2H3 
OH ♦ C 2 H 4 t fiaO + C 2 H 3 
H + G2H3 i CgHg + H ■*■ M 
0 + C2H2 t GH2 + CO 
M ♦ CH4 I CH3 + II + M 
H + CH4 t CH3 + Il2 
0 + CH4 t CH3 + OH 
OH + GH4 * CH3 + HaO 
CH + Og i HCO +■ 0 
CH? + 0 ? I CHgO + 0 
CHi + 0 | t CH ?0 + OH 
CH3 + 0 I GHdO + H 
CHgO + H i HCO ♦ Hg 
CHgO + 0 I HCO + OH 
CHgO * OHlf HCO + H2O 
HCO + 0 I CO + OH 
HCO + H I CO + Hj 
HCO + OH i CO +• HgO 
M HCO I H + CO + M 
CO + OH i CO 2 + H 
M + CO + 0 I CO? N 
CO + 02 I CO 2 + 0 
H + O 2 I OH + 0 
0 Hg I oH H 
Hg OH I HgO + H 
OH + OH I 0 ■*■ HgO 
H + O 2 + M i HO 2 ♦ H 
0 + 0 + M t 0? + M 
H + H + H i H 2 + M 
H + OH + M I HgO + M 
H + CH 3 I Hg + Cll 2 
0 + CH 3 I OH + CH 2 
OH + CII 3 I HgQ + CH? 

HO? + NO i NO? + OH 
0 + NO? i NO 0? 

NO + 0 H ^ NO2 + M 
NO? + H t NO + OH 
N * 0? t NO + 0 
0 + Ng I NO + N 
N + OH t NO H 
CH + N? I HCN + N 
CN + H? t HCN + H 
0 + HCN J OH + CN 
OH + HCN I H?0 + CN 
CN + 02 1 NGO + 0 
CN + CO2 i NCO + CO 
0 + NCO I NO + CD 
N + NCO ^ H? + CO 
H + NCO i NH + CO 
NH + OH t N + HeO 
Gli + NO I N + HCO 
CH + NO J 0 + HCN 
CH + CO2 f HCO + CO 
H + CH? I H? + CH 
0 + CH2 t OH + CH 
OH + CH2 I H2O + CH 
H + HO? I OH + OH 
0 + HO? i OH + O2 
OH + HO? t NgO + O2 


S.Oxlol?^^ 

3.16x1013 

2.26xloP 

2.5x10} 3 

2.0x10}3 

4.0x10}3 

l.lxlO}^ 

l.OxloJf 

3.0xl0}f 

5.2x10}3 

4.7x1017 

1.26x101'* 

2.0x10}3 

3.0x10}3 

1.0x1q13 

l.OxlOH 

1.7x1012 

6.8xl0l| 

2.0x1013 

5.0x1q13 

S.OxlolS 

3.0X1013 

2.0x1013 

3.0x10}3 

3.0x101^ 

^-OXlO}*; 

2.8x1q13 

1.2x1011 

2.2x10^ 


I.OXIUJV 

S.2x1013 

6.3xl0l| 

l.5x20l| 

5.7x10,13 

8.3x10H 

8.4x10^1 

2.7x1011 

1. Moll 
2.7xlOll 
1.2x10}3 

1.0xlo}3 
S. 6x10,15 

2. Bxl0l^ 
6.4x10?, 
l.BxlQl^ 
4.0x1013 
l.SxlOll 
6.0x1013 
1.4xlO}l 
2.0x10,11 
3.2x1013 
3.7x1012 
2.0x1013 
1.0xl0}3 
2.0x1D}3 
S.OxlOll 
l.OxlQl'* 
l.Oxlol^ 
3.7xl0if 
2.9xl0ll 
3.2x10,11 
5.0x1011 
2.5x10}^ 
5.0x1013 
5.0x1013 


32 713 
20 483 

1 359 

2 516 

5 184 

16 658 
4 278 
1 761 

20 382 
1 862 
46 900 

6 989 
4 b40 

3 020 

0.0 

1 862 

7 045 

0.0 

1 660 

2 300 

6 540 

0.0 

0.0 

0.0 

7 397 

4 026 
-2 285 

17 615 

8 450 
4 480 

3 270 
550 

,503 
-900 
0.0 
0.0 
12 930 
12 930 
12 930 
1 200 
300 
-584 
400 
3 145 
38 370 
0.0 

9 B62‘ 

2 669 
8 506 
2 S16 

503 
I 0.0 


1 006 
0.0 
0.0 
0.0 

13 080 
13 080 
3 019 
960 
503 
503 



aRate constant is given by the equation k * AT” exp C-e/T), where T is 
temperature in K and e is the ratio of the reaction activation energy 
to the universal gas constant, also in K. 

5units of k are sec“l for a unimolecular reaction; for a blomolequTar 

reaction they are cffl3/niQl e-sec and for a termolecular reaction cmC/mole^-sec, 














mE n. » REACTIONS FOR TOLUENE OXIDATION 


Reaction 

Reaction 

Rate Constanta. b 

Refer- 

number 


A 

n 

0 


65 

67 

68 

69 

70 

71 

n 

73 

74 

75 

76 

77 

78 

79 

80 
81 
82 

83 

84 

85 

86 

87 

88 

89 

90 

91 

C 7 H 8 + Oa 1 C 7 H 7 + HOg 

0783 1 C 7 H 7 + H 

H C?Hg 1 C 7 H 7 + H 2 

0 + C 7 H 8 1 C 7 H 7 + OH 

OH + C7Ha % C 7 H 7 + H 20 

0 + C 7 K 7 % CH 2 O + CpHt 

C 7 H 7 t C 4 H 3 + C 3 H 4 

C 3 H 4 1 C 3 H 2 + CH 2 

C 3 H 4 t CH3 + CgH 

0 C 3 H 4 1 C?H 3 HCO 

Oa + C 7 H? t ZCO + C 3 H& + C#? 

Cjig t GH3> C 2 H 2 

O 3 H 5 t C 3 H 4 + H 

CoH + 02 $ HCO + GO 

C 7 H 8 1 C 6 H 5 CH3 

CgHs t C 4 H 3 + C 2 H 2 

C 4 H 3 1 CgH + C 2 H 2 

C 4 H 3 t C 4 H 2 + H 

O 2 + G 6 H 5 1 2 C 0 + C 2 H 3 + CaHg 

H + CoHs J CgH + Hg 

0 + Cglb t CgH + OH 

OH + CpH? 1 GgH + HgO 

0 + CgH i CO + CH 

O 2 GgH 2 t 2 HC 0 

M + CgH? % CgH + H + M 

0 + C 3 H 6 % C 2 H 4 + HCO 

l.OxloW 

3.2x10}5 

l.OxloH 

l.Oxln}^ 

I.OXI 0 J 3 

l.OxlO}! 

l.Oxloif 

i.oxio}! 

1.0xl0|5 

1. 0x1013 

5.Qx10|2 

X.oxiol^ 

1.3x1013 

1.0xl0l3 

l.OxloH 

a.axioi^ 

l.OxloW 

l.oxiol^ 

7.5x10^ 

2 . 0 X 101 J 

3.2xl0l& 

0. 0xlOlf 
S.0xl0l3 
4.0x1012 
1. 0x10 5 

1. Qx1013 

0.0 

-.6 

.0 

20 130 
44 440 
3 420 
3 625 
1 510 
0.0 

SI 330 
SI 330 

51 330 

0.0 
7 550 
27 ISO 
30 790 
3 523 

52 550 
43 280 
29 700 
29 700 

7 550 
9 562 

8 556 
3 523 

0.0 
14 090 
57 370 
0.0 

12 

14 

12 

14 

c 


3ftate constant is given by Use equation k » ATf exp (-e/T), wbene T is 
teinperaLre in K and 0 is the ratio of the reaction activation energy 
to tbe universal gas constant, also in K. 
biinits of k are sec”^ for a uniwolecular reaction; for a bionioleculai 

reaction they are cm^/mole-sec and for a teniiolecular reaction cnvb/mole -sec. 
CEstimate - by analogy with reaction 75. 










Rgure 1. - CRT Flame tube apparatus. 
















¥ 

n 


i 






Figure 3. - Fuel-bound nitrogen conversion vs. primary equiva- 
lence ratio. 
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FINAL NOx CONCENTRATION, ppm 



0. 5, SECONDARY RESIDENCE TIME S2 msec. 



(b) 0. 5% FUEL-BOUND NITROGEN. SECONDARY EQUIVALENCE RATIO 
■ 0. 5, SECONDARY RESIDENCE TIME s 2 msec. 


Figure 4. - Effect of hydrogen content on NO^ emissions. 
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(c) 1. 0% FUEL-BOUND NITROGEN. SECONDARY EQUIVALENCE RATIO 
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Figured - Concluded. 
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